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In Brief Lehmann et al. identify hypoxia, via HIF, as an inducer of collective-to-amoeboid transition in epithelial cancer cells in spheroid culture and in vivo. A fraction of the amoeboid cell subsets shows upregulation of nuclear Twist. Metabolic perturbation thus controls molecular plasticity toward EMT-dependent and -independent amoeboid cell movement.
SUMMARY
Cancer metastases arise from a multi-step process that requires metastasizing tumor cells to adapt to signaling input from varying tissue environments [1] . As an early metastatic event, cancer cell dissemination occurs through different migration programs, including multicellular, collective, and single-cell mesenchymal or amoeboid migration [2] [3] [4] . Migration modes can interconvert based on changes in cell adhesion, cytoskeletal mechanotransduction [5] , and/or proteolysis [6] , most likely under the control of transcriptional programs such as the epithelial-to-mesenchymal transition (EMT) [7, 8] . However, how plasticity of tumor cell migration and EMT is spatiotemporally controlled and connected upon challenge by the tumor microenvironment remains unclear. Using 3D cultures of collectively invading breast and head and neck cancer spheroids, here we identify hypoxia, a hallmark of solid tumors [9] , as an inducer of the collective-to-amoeboid transition (CAT), promoting the dissemination of amoeboid-moving single cells from collective invasion strands. Hypoxia-induced amoeboid detachment was driven by hypoxia-inducible factor 1 (HIF-1), followed the downregulation of E-cadherin, and produced heterogeneous cell subsets whose phenotype and migration were dependent ($30%) or independent ($70%) of Twist-mediated EMT. EMT-like and EMT-independent amoeboid cell subsets showed stable amoeboid movement over hours as well as leukocyte-like traits, including rounded morphology, matrix metalloproteinase (MMP)-independent migration, and nuclear deformation. Cancer cells undergoing pharmacological stabilization of HIFs retained their constitutive ability for early metastatic seeding in an experimental model of lung metastasis, indicating that hypoxia-induced CAT enhances cell release rather than early organ colonization. Induced by metabolic challenge, amoeboid movement may thus constitute a common endpoint of both EMTdependent and EMT-independent cancer dissemination programs.
RESULTS
Hypoxia and/or HIF-1-Induced Switch from Collective to Single-Cell Migration Hypoxic tumor regions are not only found in perinecrotic regions of the tumor core but also at tumor edges and the invasive front. Thus, tumor cells will encounter hypoxia before and during invasion [10, 11] . To test how hypoxic stress affects incipient epithelial cancer invasion from multicellular spheroids, we used 4T1 murine breast carcinoma cells as model competent for local invasion and distant metastasis [12] and partial activation of epithelial-to-mesenchymal transition (EMT) programs [13] , and fully epithelial but only locally invasive UT-SCC38 human head and neck squamous carcinoma cells isolated from a patient without metastatic disease [14] . Spheroids were implanted into 3D fibrillar collagen matrices and subjected to normoxia (21% O 2 ) or severe hypoxia (0.2% O 2 ) for up to 4 days ( Figure 1A ). In normoxia, both cell types showed effective collective invasion, with tip cells leading finger-like strands and only a few spontaneously detaching single cells (Figures 1B and 1C ; Movie S1), consistent with collectively moving epithelia and carcinoma [15] . In contrast, hypoxia induced plasticity of cancer cell migration modes: 4T1 cells retained a mixed phenotype, consisting of collective invasion with intact propagation of tip cells and additionally enhanced single-cell dissemination, whereas the collective phenotype of UT-SCC38 cells was reinforced, through formation of an increased number of tip cells and enhanced branching (Figures 1B and 1C ; Figure S1C ). Hypoxia did not compromise cell viability of either cell type in 2D monolayers but resulted in moderately increased apoptosis in 3D spheroids (Figures S1A and S1B), a physiological but adverse event potentially confounding cell migration. Thus, besides initiating cancer cell migration in non-invasive cultures [16] , hypoxia diversifies ongoing invasion.
As a generic signaling hub induced by hypoxia, hypoxiainducible factor 1 (HIF-1) was upregulated in hypoxic 4T1 and UT-SCC38 cells ( Figure S1D ). Consistently, dimethyloxalylglycine (DMOG), an inhibitor of HIF prolylhydroxylases that stabilizes HIFs [17] , enhanced invasion and imposed plasticity with strongly enhanced single-cell detachment from both 4T1 and UT-SCC38 spheroids. Concomitantly, DMOG treatment Figure S1 . See also Movies S1 and S2.
reduced the caliber and integrity of collective invasion strands (Figures 1B and 1C ; Movie S2). Stable downregulation of Hif1a ( Figure S1E ) reverted single-cell detachment during hypoxia (4T1) and after DMOG treatment (UT-SCC38) toward predominantly collective invasion ( Figure S1G ). HIF-1 downregulation was tolerated by 4T1 cells but compromised the viability of UT-SCC38 cells during hypoxia, which allowed meaningful analysis of migration in UT-SCC38 cells only after DMOG/DMSO treatment conditions (Figures S1F and S1G ). In conclusion, by converting collective to single-cell migration, hypoxia via HIF-1 signaling induces rapid plasticity of 3D invasion programs.
Hypoxia-Induced EMT Signature in Single Cells of Mesenchymal and Amoeboid Morphology
Topologic scoring of the population of single cells detached from spheroids in hypoxia revealed mixed morphologies including a minority of elongated mesenchymal cells and a majority ($70%-80%) of rounded cells lacking long extensions, with an elongation index (EI) range between 1 and 4 ( Figure 2A ). This rounded-shape pattern is reminiscent of amoeboid migration in highly invasive tumor cells after inhibition of matrix metalloproteinases (MMPs) or activation of Rho/ROCK (Rho associated protein kinase) signaling [6, 18] . During migration, the rounded shape (EI <4) was stable and persisted in the majority of DMOG-induced cells over a 9-hr time-lapse period ( Figure 2B ). To address whether hypoxia induced EMT in 4T1 and UT-SCC38 cells, as described for other models [19, 20] , EMT markers were assessed in monolayer cultures and confirmed in 3D spheroids by single-cell immunocytometry in invading subsets ( Figure S2A ). Hypoxia induced moderate expression of Snail (4T1) or Slug (UT-SCC38) in 2D cultured cells and a subset of single, disseminated cells showed elevated nuclear Snail levels in 3D spheroid culture (4T1) in hypoxia compared to normoxia (Figures S2B-S2D ). In 3D culture and irrespective of oxygenation conditions, the non-invasive cell fraction of the spheroid core (not shown) and collectively invading strands retained high levels of E-cadherin, a functionally critical EMT effector maintaining cell-cell adhesion [21] , whereas E-cadherin levels were low in detached 4T1 and UT-SCC38 cells ( Figure 2C ). Staining of nuclear Twist, a master regulator of EMT and inducer of single-cell detachment [21] , revealed a doubled fraction of detached single 4T1 cells displaying elevated nuclear Twist intensities (i.e., 2-fold and higher) under DMOG compared to DMSO conditions (Figure 2D) . Remarkably, detached Twist-positive 4T1 cells retained round morphologies, suggesting the compatibility of EMT with amoeboid movement ( Figure 2E ; Figure S2C ). Conversely, the percentage of individualized UT-SCC38 cells displaying high nuclear Twist intensity was comparable between DMSO and DMOG treatment conditions ( Figure 2D ). To test whether Twist elevation is sufficient to induce collective-to-single-cell transition, we transiently expressed Twist-GFP in 4T1 cells ( Figure 2F Figures S3C and S3D). These data suggest that Twist-mediated EMT signaling induces an amoeboid-moving subset in 4T1 cells.
Hypoxia-Induced MMP-Independent Amoeboid Movement
To assess the dependence of the hypoxia-induced amoeboid migration on MMP activity, we analyzed the extent of collagen degradation and the regulation of MT1-MMP (matrix metalloproteinase 14), the central enzyme degrading fibrillar type I collagen [22] . In normoxic control cultures, significant levels of collagen 3/4 fragment (col3/4) degradation epitope, emerging after MMP-mediated cleavage of collagen [23] , surrounded collective invasion zones, whereas single cells under hypoxia showed negligible pericellular collagenolysis in both 4T1 and UT-SCC38 cultures ( Figure 3A) . Active MT1-MMP protein levels were consistently decreased in both cell types in hypoxia and, albeit less pronounced in 4T1 cells, after DMOG treatment (Figure 3B) . The broad-spectrum MMP inhibitor GM6001, added to the spheroids at the onset of invasion, did not affect the migration speed of individually moving cells (Figures 3C and 3D ; Movie S3) but compromised the efficacy of collective invasion in both normoxic and hypoxic conditions ( Figure 3E ). Thus, hypoxiainduced amoeboid movement of single cells occurred through MMP-independent mechanisms.
In 3D confined space, MMP-independent amoeboid movement is biophysically dependent on the deformability of the nucleus [24] . Strongly deformed nuclei (smallest nuclear diameter <4 mm) were more frequent in hypoxic versus normoxic single cells ( Figures 3F and 3G ). In addition, the average nuclear diameter was significantly lower in disseminating single cells compared to remnant collective strands despite hypoxic conditions ( Figure 3H ), indicating increased cell deformation during MMP-independent single-cell dissemination.
Increased Metastatic Seeding after HIF-1 Stabilization
To address whether hypoxia or HIF-1 stabilization support early metastatic seeding, we assessed the lung-colonizing ability of 4T1 and UT-SCC38 cells, stably expressing nuclear H2B-mCherry, after intravenous injection into recipient mice. Because hypoxia pretreatment led to variable vitality of tumor cells (Figures S1A and S1B), which compromised lung colonization after 24 hr and confounded standardized analysis of the metastatic potential ( Figures S4A-S4C) , we used cells after stabilization of HIF-1 by DMOG. As a locally invasive, clinically non-metastatic model, DMOG-treated UT-SCC38 cells [14] did not acquire the capacity to colonize the lungs, assessed by single-cell count on entire tissue sections ( Figure S4D) . In 4T1 cells, however, although the initial seeding efficacy was unchanged, HIF stabilization caused both an increased number of metastatic events and an increased lung area fraction occupied by tumor cells at the experimental endpoint ( Figures 4A and 4B ). These data suggest that transient HIF stabilization amplifies local cell release but not early seeding, at a distant site, but eventually can provide an advantage for metastatic outgrowth.
To evaluate the relevance of hypoxia-induced diversity of invasion in clinical samples, we immunohistochemically detected carbonic anhydrase IX (CAIX), an important HIF target gene [25] , on head and neck squamous carcinoma (HNSCC) tissue microarrays as a cell marker for hypoxic signaling and scored the elongation and shape of nuclei in disseminating single cells. CAIX levels showed high spatial concordance with HIF-1 levels ( Figure S4E ) and were increased in patients with positive lymph node metastasis ( Figures S4F and S4G) , as described [26, 27] . Collective and single-cell invasion patterns and their respective hypoxia status were discriminated by manual segmentation and segregation into CAIX-negative or -positive sub-regions ( Figure 4C ; Figure S4H ). CAIX-positive single cells revealed significantly decreased elongation and smaller nuclear diameters compared to CAIX-negative individual cells or cells in collective invasion zones ( Figure 4C ), confirming rounded, amoeboid morphologies associated with CAIX induction.
DISCUSSION
Beyond its known functions in triggering cancer cell motility and metabolic reprogramming [28, 29] , we here identify hypoxia as a regulator of the plasticity of cancer cell invasion that promotes epithelial-to-amoeboid transition (EAT) (also called collectiveto-amoeboid transition) [5] . Via HIF-1-mediated mechanisms, hypoxia enables MMP-independent amoeboid migration of cells in the presence or absence of molecular markers of EMT. Thereby, HIF stabilization enhances both cell release from the primary site and the molecular diversity of disseminating cells.
The Amoeboid Cell Profile Shows Varying States of EMT
In multicellular, collectively invading spheroids, hypoxia downregulates E-cadherin and releases single cells, which retain stable amoeboid migration over hours and days, with consistently rounded morphologies of disseminating cells until late time points (3-4 days). Earlier studies have shown hypoxia to upregulate the EMT effectors Snail and Twist for repression of E-cadherin in 2D models [19, 20] , and a subset of amoeboid-moving 4T1 cells contained elevated Twist. Moreover, ectopic expression of Snail or Twist can promote invasion of transformed epithelial cells in 3D matrix invasion assays [19, 21] , consistent with a subset (30%) of 4T1 cells undergoing detachment and amoeboid migration in response to ectopic Twist expression. When re-assessed for shape, neoplastic breast MCF10AT cells overexpressing Snail include both elongated and round morphologies [30] , similar to hypoxic 4T1 and UT-SCC38 cells used in this study. Consistently, transforming growth factor b (TGF-b) signaling, an established inducer of EMT, was shown to support amoeboid melanoma cell dissemination [31] . Thus, beyond mesenchymal migration, EMT may release a yet unappreciated second cell subset from epithelial tumors executing amoeboid movement.
In addition, in both 4T1 and UT-SCC38 cells, our data identify a hypoxia-induced subset of individual cells that lack nuclear Twist or Snail expression despite profound E-cadherin downregulation. These subsets may include either very subtle or transient expression of nuclear Twist that escaped detection after 1-3 days of culture or Twist-and/or EMT-independent routes to downregulation of E-cadherin, as proposed before [32] .
Amoeboid Movement of Hypoxic Cancer Cells
It remains to be identified how hypoxic strength and duration affect the plasticity of migration programs in different cell models. Moderate hypoxia upregulates MT1-MMP expression in melanoma cells [33] and in renal cell carcinoma [34] . Conversely, moderate hypoxia, via Snail, inhibits invadopodia formation in MDA-MB-231 cells in 3D culture, by regulating MT1-MMP re-localization to perinuclear regions [35] . Our studies reflect conditions of prolonged, severe hypoxia in a 3D model, which lead to single-cell dissemination and concomitant downregulation of MT1-MMP, followed by amoeboid migration. In some cell models, the response to hypoxia is bi-phasic, showing low transmigration efficiency through filters at intermediate hypoxia ($1%-2% O 2 ), whereas stimulation occurs during severe (<1% O 2 ) or mild (>2% O 2 ) hypoxia [36] . Thus, both efficacy and molecular migration programs of tumor cells may reflect a cell-type-specific modular response to the local hypoxic strength, with strong hypoxia as a ''worst-case'' challenge promoting MMP-independent, amoeboid dissemination.
Functional Consequences of the Amoeboid Phenotype
Amoeboid movement potentiates local tissue infiltration in vitro and has been monitored in vivo in orthotopic murine breast cancer models by intravital microscopy [37] . We further provide evidence for a rounded single-cell migration with features of increased, amoeboid-like nuclear deformation in CAIX-positive regions of clinical HNSCC samples. This suggests collective-toamoeboid transition in hypoxic tumor regions in human patients. It is very likely that constitutive or environment-induced amoeboid migration contributes to metastatic disease progression [4] . However, the relevance of amoeboid migration in driving metastasis, particularly intravasation into blood and lymphatic vessels and metastatic colonization, remains unclear. Amoeboid sarcoma cells mount efficient lung metastases after intravenous injection [38] . Yet the amoeboid profile alone is not sufficient to mount metastasis, and HIF signals alone do not introduce de novo capability for organ colonization, as demonstrated by UT-SCC38 cells, which failed to colonize the lungs despite hypoxia and/or HIF-triggered transition to amoeboid movement in our study. In 4T1 cells, HIF stabilization shows no impact on early-onset lung colonization but favors outgrowth thereafter. This implicates a potential for hypoxia and/or HIF-1 signaling in enhancing both cell release from the primary site and survival and/or outgrowth at the metastatic site, possibly in line with increased clonogenicity linked to an amoeboid phenotype in melanoma cells [39] and hypoxia and/or HIFinduced pluripotency toward cancer stem cell traits [40] . Thus, EMT most likely represents an overarching molecular program compatible with mesenchymal and amoeboid cell migration.
In conclusion, our results identify tumor hypoxia as a clinically relevant, physiological route to amoeboid cancer cell dissemination from the epithelial tumor mass releasing subsets of amoeboid-moving cells carrying EMT or other signatures.
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